Two dimensional magnetic materials, with tunable electronic properties could lead to new spintronic, magnetic and magneto-optic applications. Here, we explore intrinsic magnetic ordering in two dimensional monolayers of transition metal tri-halides (MX 3 , M = V, Cr, Mn, Fe and Ni, and X = F, Cl, Br and I), using density functional theory. We find that other than FeX 3 family which has an anti-ferromagnetic ground state, rest of the trihalides are ferromagnetic. Amongst these the VX 3 and NiX 3 family are found to have the highest magnetic transition temperature, beyond the room temperature. In terms of electronic properties, the tri-halides of Mn and Ni are either half metals or Dirac half metals, while the tri-halides of V, Fe and Cr are insulators. Among all the trihalides studied in this paper, we find the existence of very clean spin polarized Dirac half metallic state in MnF 3 , MnCl 3 , MnBr 3 , NiF 3 and NiCl 3 . These spin polarized Dirac half metals will be immensely useful for spin-current generation and other spintronic applications.
I. INTRODUCTION
Recent discovery of ferromagnetism in single layer CrI 3 and Cr 2 Ge 2 Te 6 , has opened up the field of intrinsic magnetism in 2D materials to intense exploration.
1,2 Magnetism in ultrathin two dimensional (2D) materials opens up the exciting possibility of atomically thin and low dimensional magnetic storage, sensing, spintronic and optical devices. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Additionally, they can also be used to break time-reversal symmetry in 2D stacks for valley-tronics. 4 Indeed, electrostatic gate control of magnetism in both CrI 3 and Cr 2 Ge 2 Te 6 has already been demonstrated, [3] [4] [5] [6] along with spin-filter device with giant tunnelling magnetoresistance.
13-16
In addition to their applicability, 2D magnetism also opens the door to new quantum state of matter, existence of which was prohibited by the Mermin Wagner theorem.
17
To understand the prohibition of spin-ordering in 2D systems by the Mermin Wagner theorem, 17 let us have a look at the simplest model describing spin-spin interaction in a 2D
system,
Here S m k denotes the m = x, y, z component of the spin at site k, and the sum over k, l runs over the nearest neighbors. In Eq. (1), J and J ⊥ are the in-plane (x − y plane) and compounds (M= V, Cr, Mn, Fe and Ni, while X= F, Cl, Br, or I), using density functional theory. Not only we find several ferromagnetic 2D materials (V, Cr, Mn and Ni tri-halides), but also anti-ferromagnetic monolayers (Fe tri-halides), not reported so far in the literature.
We also identify several spin polarized Dirac half-metals among the family of transition metal tri-halide monolayers. These have a large band-gap in one spin channel and a Dirac cone in the other, with Fermi velocities comparable to graphene. Such materials are ideal for making spintronic and other nano-electronic devices.
The paper is organized as follows: computational details are described in Sec. II. Results are presented along with detailed discussions in Sec. III. It contains a description of the crystal structure, analysis of binding energy in the context of stability of the monolayers and discussions on electronic and magnetic properties of transition metal tri-halide monolayers.
Our findings are summarized in Sec. IV.
II. COMPUTATIONAL METHOD
Using density functional theory (DFT), we calculate the structural, electronic and magnetic properties of MX 3 monolayers. We use a plane-wave basis set with the cutoff energy of 80 Ry, and projector-augmented wave pseudo potentials, as implemented in the Quantum Espresso (QE) and VASP package. [40] [41] [42] [43] The electron-electron exchange correlation is treated within the framework of the generalized gradient approximation (GGA), as proposed by Perdrew-Burke-Ernzerhof (PBE). 44 Brillouin zone integrations are performed using a k- Table I comparing their binding energies, defined as, 51 ,52
where E M , E X , and E M X 3 are the total energies of the transition metal atom (M), halogen atom (X), and transition metal tri-halide monolayer (MX 3 ). According to our calculations, E b of all the monolayers listed in Table I , are positive and lie in the range from 0.519 to 2.838 eV per atom. Note that, the binding energy for the cobalt tri-halide family are found to be negative (not shown in the table), indicating inherent instability of those structures and thus, they are not considered in this article. The calculated values of E b listed in Table I are also shown in a bar graph for ease of comparison in Fig. 2 . Evidently, the fluoride MX 3 's have the highest binding energies compared to other halides. We find that the E b decreases with increasing size of the halogen atom. Also note that V, Cr and Mn tri-halides are likely to be more stable as compared to the Fe and Ni tri-halides.
Thus, our structural analysis predicts the exciting possibility of the existence of several Table I . Using the optimized crystal structures (see Table I for details), the electronic band structures of MX 3 monolayers are calculated and all of the 20 monolayers are found to have a magnetic ground state. In all MX 3 with M= V, Cr, Mn and Ni, the ferromagnetic ground state is obtained, while in case of Fe the anti-ferromagnetic ground state is preferred.
The HSE06 based electronic band structure and the spin projected density of states of one representative tri-halide (chosen to be tri-chloride) in its magnetic ground state is shown in Fig. 3(a) -(e) and their magnetic moments are compared in Fig. 3(f) . For a complete picture, please refer to the Supplementary Information (SI), where a comparison between the PBE and HSE06 based electronic band-structure and spin projected density of states are presented for all the tri-halides studied in this paper. Both the functionals predict qualitatively similar band-structures with bandgap underestimated by PBE, as expected, in case of all the MX 3 monolayer families, except for monolayer VX 3 . This is discussed in detail below.
We find that the electronic and magnetic ground states of all the tri-halides belonging to a particular family of transition metal are similar [see Table II ]. Our calculations reveal that tri-halides based on Mn and Ni have a ferromagnetic ground state with either metallic or semi-metallic character with a spin polarized Dirac cone. As shown in Fig. 3 (c) and Similar to Mn and Ni family, the tri-halides based on V are also ferromagnetic. However, they are found to have either a spin polarized Dirac semimetal or metal like state in PBE calculations (similar to Ref. [33] ), as opposed to insulating character in HSE06 calculations (band gap ranging from 1.26 eV to 3.23 eV, see Table II ). The HSE06 based band structure of VCl 3 is shown in Fig. 3 (a) , which is clearly different from the gap-less energy spectrum ob- Unlike half metallic or half semi-metallic tri-halides of Mn and Ni, Cr based tri-halides are found to be insulating (band gap ranging from 1.85 eV to 5.09 eV, see Table II) , with a ferromagnetic ground state. This is consistent with the experimental observation of ferromagnetic ground state in CrI 3 . Electronic band structure of CrCl 3 is shown in Fig. 3(b) and qualitatively similar trends are observed for other members of the Cr family (shown explicitly in SI). Note that, magnitude of band gap in case of ↑ and ↓ spin state is different for all the Cr tri-halides.
Similar to Cr, Fe-based tri-halides are also insulating (band gap ranging from 1.83 eV to 5.10 eV, see Table II ). Interestingly, this is the only family with an antiferromagnetic ground state. Electronic band structure of FeCl 3 is shown in Fig. 3(d) , which is qualitatively similar for other members of the FeX 3 monolayers family as well(see SI). In general, for insulating transition metal tri-halides, magnitude of the bandgap decreases with the size of the halogen atom and nearly 50% reduction is observed between the two extremes, occupied by the fluoride and iodide, respectively (see Table II ).
Having discussed the band structure, we now analyze the magnetic properties of the transition metal tri-halides. The calculated values of magnetic moment per transition metal atom for all the MX 3 monolayers studied in this paper are illustrated in Fig. 3(f) . Since the transition metal ions are octahedrally coordinated to the halogen atoms, they can exist in either high or low spin state due to crystal field splitting. High crystal field splitting leads to low spin state and vice versa. Based on calculated values of magnetic moment [see Table II and Fig. 3(f) Details of the calculated magnetic properties are reported in Table II 
Here z 0 = 3 is the co-ordination number of the M-atoms forming a honeycomb lattice.
The exchange energy in Eq. 4 is defined as the half of the of the energy difference between the anti-ferromagnetic and ferromagnetic state. 57 Calculated values of E ex for all the MX 3 monolayers are compared in Fig. 6(a) . We find that fluorides have higher value of exchange energy than rest of the trihalides, Cr-family being the only exception. In general, the V based tri-halide family have reasonably large value of E ex , followed by Ni, Mn, Fe and Cr tri-halides.
The magnetic transition temperature (T c ) can be estimated using the Curie-Weiss mean field theory for a quantum spin-S Ising model. For T > T c , the ordered magnetic state is completely destroyed by thermal energy, yielding a paramagnetic (non-magnetic ) state with random spin orientation and zero net magnetic moment in the absence of an external magnetic field. Within the mean field theory, the transition temperature is given by
where k B denotes the Boltzmann constant. Calculated values are illustrated in Fig. 6(b) .
As shown in the figure, the VX 3 and the NiX 3 families have relatively higher transition temperatures, ranging from 400 to 800 K. In case of MnX 3 and FeX 3 families, T c lies in the range of 100 to 200 K (other than MnF 3 , having a T c ∼ 600 K). Other than the bromide, members belonging to the CrX 3 family have sub 100 K T c values, which are lower than rest of the trihalide families. Note that, the mean-field theory is known to over-estimate the T c .
For example, while experimentally observed T c value of CrI 3 is reported to be 45 K, 1 our calculations predict it to be 75 K. However, the relative trend between the T c of different materials should more or less be along the lines of Fig. 6(b) .
IV. CONCLUSION
Motivated by the recent discovery of two dimensional magnetic materials, we do a comparative study of several transition metal tri-halide monolayers based on ab-initio calculations.
We find that the tri-halides of V, Mn, and Ni are either metallic or semimetallic with primar- 
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